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Available online 25 July 2009AbstractAs a part of a consortium study, we analyzed the Martian meteorite Yamato (Y) 000097 by prompt gamma-ray analysis,
instrumental neutron activation analysis, and instrumental photon activation analysis. For comparison, we also analyzed Allan Hills
(ALH) 77005 using the same methods. The data confirm that Y000097 belongs to lherzolitic shergottites in terms of chemical
composition. Although there exist slight differences in elemental abundances among lherzolitic shergottites due to differences in
the modal abundances of constituent minerals, they have essentially the same chemical compositions, suggesting they are
genetically related and experienced similar formation histories.
Zr/Hf ratios obtained for Y000097 and ALH 77005 are subchondritic, consistent with values reported for other lherzolitic
shergottites and olivine-phyric shergottites. Such fractionation can be explained by invoking clinopyroxene, ilmenite, or majorite in
the petrogenesis of the shergottites’ source material. CI-normalized Hf/Sm ratios obtained for Y000097 and ALH 77005 are 1.52
and 1.37, respectively, consistent with superchondritic Hf/Sm ratios reported for shergottites. Based on experimentally derived
partition coefficients, majorite is the best candidate mineral for the fractionation of Hf and Sm in shergottites.
 2009 Elsevier B.V. and NIPR. All rights reserved.
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Based on petrographic features and chemical
compositions, Martian meteorites are divided into four
subgroups: shergottites, nakhlites, chassignites, and
Allan Hills (ALH) 84001. The chemical compositions of
these subgroups, along with their mineralogical/petro-
graphical textures, cosmic ray exposure histories, and* Corresponding author. National Magnetic Field Laboratory,
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doi:10.1016/j.polar.2009.07.003crystallization ages, provide clues to understanding
magmatism on Mars.
In recent years, many Martian meteorites have been
found in cold and hot deserts on earth, with most being
shergottites. Among them, olivine-phyric shergottites
are the most abundant, followed by basaltic shergottites
and lherzolitic shergottites. In 2000, Yamato (Y)
000027, 000047, and 000097 (hereafter referred to as
Y00s) were recovered from a bare ice field in theYamato
Mountains’ area of East Antarctica. Based on the loca-
tions of the recovery sites, and the petrology and
mineralogy of Y00s, they are considered to be paired
(Mikouchi and Kurihara, 2007; Misawa et al., 2006b).reserved.
Table 1
Major, minor, and trace elements abundances in Y000097 and ALH
77005 (oxides in wt%; others in ppm).
ALH 77005 Y000097
This worka Literatureb This worka
Min Max
SiO2 41.3 1.1 41.3 43.08 45.6 2.0
TiO2 0.532 0.014 0.3 0.46 0.38 0.02
Al2O3 3.27 0.06 2.19 3.14 2.24 0.04
Cr2O3 1.02 0.01 0.83 1.05 1.01 0.01
FeO 21.4 0.1 18.13 20.71 19.89 0.03
MnO 0.460 0.016 0.439 0.500 0.51 0.01
CaO 3.96 0.15 2.83 3.95 4.17 0.47
MgO 28.7 2.6 25.2 29.69 25.8 1.7
Na2O 0.592 0.007 0.37 0.597 0.408 0.001
K2O 0.0322 0.0060 0.025 0.059 0.0282 0.0023
Cl 42.7 9.9 14 39.6 14.2
Sc 22.5 0.1 19.0 22 24.66 0.02
V 138 6 132 166 180 8
Co 77.5 0.6 67.2 78 68.3 0.2
Ni 336 3 100 370 290 9
Zn 53.4 2.0 49.4 71 58.0 0.9
Ga 10.4 1.6 6.07 9.3 7.11 0.47
Rb 1.23 0.12 0.626 0.828 e
Sr 15.9 1.3 6.2 100 9.69 0.73
Y 9.00 0.28 6.18 5.67 0.16
Zr 23.4 0.6 13.87 19.5 12.7 0.4
La 0.459 0.027 0.1812 0.614 0.299 0.011
Ce 1.26 0.14 0.742 1.6 0.719 0.059
Sm 0.738 0.009 0.226 0.77 0.417 0.002
Eu 0.343 0.014 0.1187 0.373 0.204 0.008
Tb 0.344 0.093 0.16 0.296 0.174 0.014
Yb 0.864 0.073 0.315 0.919 0.603 0.034
Lu 0.101 0.007 0.0461 0.127 0.0767 0.0036
Hf 0.940 0.064 0.51 0.951 0.479 0.029
a Errors are due to counting statistics (1s) in g-ray counting.
b Range for ALH 77005 (Meyer, 2007).
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compositions, the Y00s are classified as the eighth
lherzolitic shergottite (Misawa et al., 2006b), adding to
the existing ALH 77005, Lewis Cliff (LEW) 88516, Y
793605, Grove Mountains (GRV) 99027, GRV 020090,
North West Africa (NWA) 1950, and NWA 2646.
Two recent developments have greatly increased our
understanding of magmatism on Mars. The first is the
recovery of a new kind of Martian meteorite (Queen
Alexander Range (QUE) 94201, Dar al Gani (DaG) 476,
and Y980459) in cold and hot deserts. These Martian
meteorites are characterized by depleted incompatible
elements and high initial eNd, and provide the opportu-
nity to infer the chemical and isotopic compositions of
the mantle end-member. The second development is
concerned with improvements to analytical techniques,
including inductively coupled plasma mass spectrom-
etry with multi-collectors (MC-ICP-MS) and thermal
ionization mass spectrometry (TIMS), which enables us
to determine the timescale of core formation and early
differentiation on Mars. Despite these advances, the
genesis of Martian mantle remains poorly understood.
As a member of the consortium study on Y00s orga-
nized by Dr. Misawa of the National Institute of Polar
Research (NIPR), Tokyo, Japan, we analyzed the major,
minor, and trace elements in a bulk sample of Y000097
using prompt gamma-ray analysis (PGA), instrument
nuclear activation analysis (INAA), and instrument
photon activation analysis (IPAA). Based on the analyt-
ical data, we aim to characterize the chemical composi-
tion of the Y00s lherzolitic shergottites and compare it
with the composition of other lherzolitic shergottites.We
then discuss the chemical characteristics of shergottites
and comparemagmatism onMarswith that on theMoon.
2. Experimental
An aliquant of 195 mg of powdered specimen of
Y000097 was allocated to us from NIPR for analysis as
part of the consortium study of Y00s. Y000097,21-1 was
taken from a 1.985 g powder specimen (Y000097,21-0)
prepared by grinding fragments in an agate mortar at
NIPR in order to determine the representative chemical
composition of Y000097. In addition to Y000097, we
also analyzed ALH 77005, of which a total of 3.193 g of
chips was received from the Meteorite Working Group
(NASA/Johnson Space Center) and ground to powder in
clean agate mortars at our laboratory. We used PGA,
INAA, and IPAA for the determination of major, minor,
and trace elements, respectively. In PGA analyses,
samples were irradiated by either cold neutrons (neutron
flux: 1.4 108 cm2 s1) or thermal neutrons (neutronflux: 2.4 107 cm2 s1) in different runs. After PGA,
we performed INAA and IPAA analyses using aliquants
of the powder samples usedearlier forPGA.Descriptions
of the PGA, INAA, and IPAA procedures can be found in
Latif et al. (1999), Shirai and Ebihara (2004), and
Ebihara et al. (2000), respectively.
3. Results
3.1. ALH 77005
The chemical characteristics of light and dark
regions are consistent with petrographical observations.
Thus, the bulk chemical composition of lherzolitic
shergottites may show marked variations in the case of
a heterogeneous distribution of light and dark regions.
Analytical results for ALH 77005 are summarized
in Table 1. The data for individual elements are in good
119N. Shirai, M. Ebihara / Polar Science 3 (2009) 117e133agreement with those reported previously, except for
Ti, Al, Fe, Cl, Rb, Y, Zr, and Gd, which yielded higher
values than those in the literature. Fig. 1 (a) and (b)
compares data from this study with those reported
previously for ALH 77005 (bulk rock, light regions,
and dark regions). The abundances are normalized to
the calculated means for ALH 77005 (Lodders, 1998).
Our data tend to be higher than the calculated means
for most elements, and are similar to published values
for dark regions.
Light and dark regions can be recognized upon a sawn
surface of ALH 77005. The light region consists of
olivine and chromite enclosed by pyroxene, and corre-
sponds to a poikilitic area, whereas the dark region is
mainly olivine, pyroxene, and plagioclase, with minorFig. 1. Comparison of the present and previous analyses of major elemen
abundances are normalized to the mean values calculated for ALH 77005 b
light regions, and dark regions in ALH 77005 (Meyer, 2007). The error bawhitlockite, ilmenite, and sulfides, and corresponds to
a non-poikilitic area (Meyer, 2007). Jarosewich (1990b),
Treiman et al. (1994), and Mittlefehldt et al. (1997)
analyzed dark and light regions prepared by Jarosewich
(1990a), and found that the dark region is relatively
enriched in incompatible lithophile elements (e.g., Na,
Al, Ti, and rare earth elements (REEs)). Based on these
earlier studies and this study, it is inferred that not only
incompatible lithophile elements but also Fe, Co, and Zn
are enriched in the dark region compared with the light
region. Si and Cr abundances are higher in the light
region than in the dark region, whereas the concentra-
tions of Mg, Ca, Mn, Sc, and Ni are similar between the
light and dark regions. These findings are consistent with
the observation that the two regions are mainlyts (a) and minor and trace elements (b) in ALH 77005. Elemental
y Lodders (1998). Also shown for comparison are data for bulk rock,
rs of our data are due to counting statistics (1s).
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these elements (i.e., Mg, Ca, Mn, Sc, and Ni) are mainly
partitioned. The obtained chemical characteristics indi-
cate that the ALH 77005 specimen analyzed in the
present study is dominated by the dark region.
3.2. Chemical compositions of previously known
lherzolitic shergottites
Many bulk analysis data have been reported for
Martian meteorites, including the previously known
lherzolitic shergottites ALH 77005, LEW 88516, and Y
793605. The bulk chemical compositions of individual
Martian meteorites are highly variable. For example, the
reported values of La abundance in ALH 77005 range
from 0.1812 to 0.614 ppm (Table 1). Such a large varia-
tionmustmainly reflect unrepresentative sampling and/or
analytical uncertainties. Considering that some Martian
meteorites (e.g., Zagami and lherzolitic shergottites) have
a number of different lithologies (Meyer, 2007), it is
inevitable that problems might arise in obtaining repre-
sentative samples. Nevertheless, it is important to obtain
representative chemical compositions of individual
Martian meteorites because such information is crucial
for advancing generalized discussions on topics such as
the chemical composition of the Martian mantle and
igneous processes on Mars.
Lodders (1998) calculated the average elemental
contents for individual Martian meteorites; however, few
analytical data for Martian meteorites have since been
reported.Wecompiledbulk analysis data forALH77005,
LEW 88516, and Y 793605 reported prior to 2007, and
calculated their mean chemical compositions. In the case
that the same data derived from bulk rock analyses had
been reported repeatedly in the literature by the same
author, such data were used only once in the calculations.
In the case that chemical compositions were reported
separately for poikilitic and non-poikilitic lithologies, the
data were excluded from the calculations. Some authors
reported silicon oxide contents by subtracting the sum of
total oxides of major elements from 100 wt%, assuming
that the total abundances of major element oxides were
100 wt%. Because these types of indirect Si-abundance
data are inferior in quality to real analysis data, they were
excluded from the analysis. The mean values for ALH
77005 were calculated based on literature values and our
data, while those for LEW 88516 and Y 793605 were
computed solely from values published previously. We
calculated the mean values for each element, as calcu-
lated for ALH 77005 in the present study. The calculated
mean values are listed in Table 2, along with the standard
deviation (1s), minimum and maximum values amongreported data, and the number of data used in each
calculation. Our meanvalues are in agreement with those
of Lodders (1998) for most elements. The relative
standard deviations of the present study are generally
higher than those reported by Lodders (1998). Relative
standard deviations for compatible elements (Mg, Si, Sc,
Cr, Mn, Fe, Ni, and Co) are less than 10%, whereas those
for incompatible elements are higher than 10%.
3.3. Chemical characteristics of Yamato 000097 and
its classification
The results of analyses of Y000097 are listed in Table
1.Major element abundances (Al,Mg, andCa) are used in
classifying Martian meteorites into different subgroups.
Oura et al. (2003) and Shirai and Ebihara (2004)
demonstrated the suitability of a plot of Mg/Si vs. Ca/Si
for classifying Martian meteorites. Accordingly, we
plotted theY000097data in suchafigure (Fig. 2), inwhich
Y000097 falls within the field of lherzolitic shergottites.
Fig. 3 compares the Mg numbers (molar Mg/
(Mgþ Fe)) and Al2O3 abundances for three groups of
shergottites. Basaltic shergottites and olivine-phyric
shergottites show large variations in Mg number; on this
basis, basaltic and olivine-phyric shergottites are divided
into several subgroups. In contrast, lherzolitic shergot-
tites show a narrow range inMgnumber. TheMgnumber
obtained for Y000097 is 0.70, essentially the same as
those obtained for other lherzolitic shergottites: ALH
77005 (0.69e0.73), LEW88516 (0.67e0.71), Y 793605
(0.69e0.73), and NWA 1950 (0.67) (Meyer, 2007). The
abundances of major elements in Y000097 (Figs. 2
and 3) confirm that Y000097 belongs to the lherzolitic
shergottites, consistent with petrographical observations
and oxygen isotopic signatures (Misawa et al., 2006b).
To compare the chemical composition of Y000097
with those of other lherzolitic shergottites, Sc and Co
abundances are plotted in Fig. 4. The data suggest that
lherzolitic shergottites can be divided into two groups:
one comprising ALH 77005, and the other LEW 88516
and Y 793605. The differences among these three
lherzolitic shergottites can be attributed to differences in
the modal abundances of olivine and pyroxene (the
olivine/pyroxene ratio in ALH 77005 is higher than
those in LEW 88516 and Y 793605; Kojima et al., 1997;
Treiman et al., 1994) and the fact that Co is mainly
hosted by olivine, whereas Sc is preferentially parti-
tioned into pyroxene. Based on Fig. 4, Y000097 clearly
belongs to the group containing LEW 88516 and Y
793605 rather than that containing ALH 77005.
Fig. 5 shows the CI-normalized abundances of lith-
ophile elements in Y000097, along with mean values for
Table 2
Calculated abundances of major, minor, and trace elements in ALH 77005, LEW 88516, and Y793605 (oxides in wt%; others in ppm).
ALH 77005a LEW 88516a Y793605a
Meanb nc Ranged Meane nc Rangef Meane nc Rangef
SiO2 42.2 0.9 5 41.3e43.08 46.2 1 46.2 45.4 1 45.4
TiO2 0.42 0.08 6 0.3e0.532 0.39 0.06 4 0.32e0.45 0.27 0.11 2 0.194e0.35
Al2O3 2.8 0.4 7 2.19e3.27 3.31 0.44 4 2.93e3.86 2.5 1.1 3 1.4e3.63
Cr2O3 0.98 0.07 9 0.83e1.05 0.88 0.05 7 0.829e0.96 1.04 0.04 2 1.0e1.07
FeO 20.0 1.0 9 18.13e21.5 19.7 0.7 7 18.9e20.9 19.3 1.0 3 18.1e19.9
MnO 0.46 0.02 8 0.439e0.500 0.49 0.02 4 0.47e0.51 0.497 0.028 3 0.484e0.529
CaO 3.3 0.4 11 2.83e3.96 4.3 0.2 7 4.06e4.54 3.96 0.44 3 3.48e4.35
MgO 27.7 1.5 7 25.2e29.69 24.9 0.9 4 23.7e25.66 26.2 1.2 3 25.0e27.4
Na2O 0.49 0.08 9 0.37e0.597 0.53 0.05 7 0.458e0.595 0.276 0.111 2 0.198e0.355
K2O 0.032 0.009 12 0.025e0.059 0.029 0.003 6 0.024e0.031 0.026 0.012 4 0.0129e0.041
Cl 28 20 2 14e42.7 29 1 29
Sc 21 1 7 19.0e22.5 25.7 0.7 7 25.1e26.7 25.0 2 25.0
V 150 15 5 132e192 168 17 4 143e180 242 56 2 202e281
Co 73 4 8 67.2e78 65.0 1.6 7 66e66.7 72 2 72e72.0
Ni 297 82 9 100e370 271 26 8 245e315 298 25 2 280e315
Zn 59 9 8 49.4e71 60 8 7 47.1e70 59.2 11.5 2 51e67.3
Ga 7.9 1.9 7 6.07e10.4 8.8 1.0 5 7.61e10.4 6.8 0.1 2 6.7e6.8
Rb 0.76 0.16 12 0.626e1.23 0.81 0.45 5 0.174e1.41 0.926 1 0.926
Sr 12.5 3.6 14 6.2e100 18 6 6 12.9e30 8.86 1 8.86
Y 7.59 1.99 2 6.18e9.00 5.69 1 5.69 28 2.28e2.79
Zr 19.1 3.9 4 13.87e23.4 13 4 3 9.6e17.2
Ba 4.1 1.4 7 2.3e6.0 4.93 1 4.93 3.42 1 3.42
La 0.37 0.11 11 0.1812e0.614 0.33 0.05 8 0.27e0.41 0.18 0.11 5 0.0804e0.316
Ce 1.1 0.3 9 0.742e1.6 1.3 0.5 7 0.8e2.1 0.48 0.31 5 0.192e0.84
Sm 0.51 0.14 15 0.226e0.77 0.42 0.07 9 0.267e0.502 0.28 0.14 5 0.156e0.45
Eu 0.25 0.07 11 0.1187e0.373 0.22 0.02 8 0.19e0.256 0.144 0.067 4 0.0715e0.206
Gd 1.01 0.44 5 0.440e1.1 0.531 0.284 3 0.338e0.857
Tb 0.21 0.07 9 0.16e0.344 0.16 0.01 8 0.14e0.172 0.088 0.054 4 0.047e0.168
Yb 0.60 0.17 11 0.315e0.919 0.57 0.06 8 0.5e0.658 0.43 0.16 5 0.281e0.648
Lu 0.086 0.020 13 0.0461e0.127 0.083 0.008 8 0.076e0.097 0.063 0.022 5 0.0418e0.09
Hf 0.67 0.16 12 0.51e0.951 0.52 0.05 8 0.43e0.6 0.48 0.04 2 0.456e0.51
a Errors represent the standard deviation (1s).
b Mean values calculated from our data and those in the literature (Meyer, 2007).
c Number of analyses.
d The range for ALH 77005 includes our data and those in the literature (Meyer, 2007).
e Mean values are calculated from data in the literature (Meyer, 2007).
f The ranges for LEW 88516 and Y 793605 are from data in the literature (Meyer, 2007). 12
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Fig. 2. Mg/Si vs. Ca/Si plot (atomic ratios) for Martian meteorites.
Solid and open symbols represent our data (this study and data from
Shirai and Ebihara, 2006) and data from the literature (Meyer, 2007),
respectively. The error bars of our data are due to counting statistics
(1s).
Fig. 4. Sc vs. Co for lherzolitic shergottites. Solid and open symbols
represent our data and values in the literature (Meyer, 2007), respec-
tively. The error bars of our data are due to counting statistics (1s).
122 N. Shirai, M. Ebihara / Polar Science 3 (2009) 117e133ALH 77005, LEW 88516, and Y 793605 (as taken from
Table 2). The values for Y000097 fall within the range
for lherzolitic shergottites, which show essentially the
sameCI-normalized abundances for individual elements
except for Na, Al, Ti, Ga, Sr, Y, Zr, and Hf. The abun-
dances of Na, Al, Ga, and Sr in Y000097 are similar to
those in Y 793605 and slightly lower than those in other
lherzolitic shergottites.
The abundances of Al in lherzolitic shergottites are
plotted against Na and Ga abundances in Fig. 6 (a) andFig. 3. Mg number vs. Al2O3 for shergottites. Solid and open symbols
represent our data (this study and data from Shirai and Ebihara, 2006)
and data from the literature (Meyer, 2007), respectively. Solid, broken
and dotted lines represent lherzolitic shergottites, olivine-phyric
shergottites and basaltic shergottites, respectively.(b), respectively, revealing positive correlations. The
abundances in Y000097 are similar to those in Y
793605, and slightly lower than those in the other
lherzolitic shergottites (ALH 77005, LEW 88516, and
NWA 1950). Considering that Al, Na, Ga, and Sr are
plagiophile elements, Y000097 and Y 793605 appear
to contain less plagioclase than do ALH 77005, LEW
88516, and NWA 1950.
Lherzolitic shergottites show relatively large varia-
tions in Zr and Hf abundances, although the ratio
between these two elements is relatively constant
(Fig. 5). Fig. 7 shows Zr abundances plotted against Zr/
Hf ratios for lherzolitic shergottites. The Zr/Hf ratio for
Y000097 is 26.5 2.0, similar to the mean value for all
lherzolitic shergottites (27.3 5.9). The Zr/Hf ratios
for all the lherzolitic shergottites are subchondritic.
To compare the Zr/Hf ratios of lherzolitic shergot-
tites with those of other shergottites, Zr abundances
and Zr/Hf ratios for all shergottites groups are plotted
in Fig. 8. Among the shergottites, the Zr/Hf ratios of
lherzolitic shergottites are similar to those of olivine-
phyric shergottites (Y 980459, DaG 476, Sayh al
Uhaymir (SaU) 005, and Elephant Moraine (EET)
79001A). Fig. 8 shows a positive correlation between
Zr abundances and Zr/Hf ratios in shergottites,
implying that Zr was more incompatible than Hf
during igneous processes on Mars. The fact that Zr/Hf
ratios for lherzolitic shergottites are subchondritic
indicates that the source of the magma for lherzolitic
shergottites became depleted in lithophile elements. In
the following section, we discuss in detail the frac-
tionation of Zr and Hf in shergottites.
Fig. 5. CI-normalized abundances of lithophile elements in lherzolitic shergottites. Calculated mean abundances of lithophile elements in ALH
77005, LEW 88516, and Y 793606 are taken from Table 2. The error bars of our data are due to counting statistics (1s).
123N. Shirai, M. Ebihara / Polar Science 3 (2009) 117e133Fig. 9 shows CI chondrite-normalized REE abun-
dance patterns for lherzolitic shergottites, including
Y000097. All the lherzolitic shergottites are strongly
depleted in light REEs (LREEs). The REE abundances
show a steep increase toward the middle REEs, with
a peak at around Tb before decreasing toward the
heavy REEs. Although REE abundances show marked
differences in the various lherzolitic shergottites, the
overall REE patterns are very similar, suggesting
a genetic linkage among lherzolitic shergottites.
4. Discussion
4.1. Zr/Hf ratios of shergottites
Because Zr and Hf have the same valency and similar
ionic radii, it is considered that they show similar
geochemical behaviors (Jochum et al., 1986); however,
improved analytical techniques (e.g., MC-ICP-MS and
TIMS)have revealed significant variations inZr/Hf ratios
in mantle-derived rocks (David et al., 2000; Mu¨nker
et al., 2003). The fractionation of Zr and Hf in terrestrial
materials is attributed to igneous processes involving
clinopyroxene, amphibole, majorite, and Mg-perovskite
(David et al., 2000; Mu¨nker et al., 2003, 2004; Xie et al.,
1993). Lunar basalts also exhibit the fractionation of Zr
from Hf. It has been proposed that nonchondritic Zr/Hf
ratios in lunar basalts were controlled by clinopyroxene
and ilmenite (Mu¨nker et al., 2003). Being similar to
terrestrial materials and lunar basalts, shergottites also
exhibit the fractionation of Zr and Hf (Figs. 7 and 8;Barrat et al., 2001; Mu¨nker et al., 2003), although there
exists uncertainty regarding the mechanism of fraction-
ation. It is highly likely that the nonchondritic Zr/Hf
ratios of shergottites can be used to constrain the genesis
of the shergottites’ source materials.
In considering the petrogenesis of shergottites, we
focus on clinopyroxene, majorite, Mg-perovskite,
ilmenite, and amphibole, as these minerals are able to
fractionate Zr from Hf (Klein et al., 1997; McKay
et al., 1986; Ohtani et al., 1989; Salters and Longhi,
1999). Based on experimental partition coefficients for
Zr and Hf (DZr and DHf, respectively) for the above
minerals, we computed the average DZr/DHf ratios and
their standard deviations (1s) for each phase (Table 3;
see Appendices IeVI for individual partition coeffi-
cient data for these minerals). The DZr/DHf ratio for
ilmenite (1.652) reported by Fujimaki et al. (1984) is
inconsistent with other reported values (0.65e0.936),
and was therefore excluded from our calculation. As
shown in Table 3, DZr/DHf ratios for clinopyroxene,
majorite, ilmenite, and amphibole are not equal to 1,
suggesting that these minerals could be responsible for
the fractionation of Zr and Hf in shergottites.
The ranges of DZr and DHf for amphibole are 0.15e
0.68 and 0.43e0.95, respectively (Brenan et al., 1995;
Chazot et al., 1996; Klein et al., 1997; LaTourrette et al.,
1995), similar to those for clinopyroxene (DZr: 0.027e
0.786, DHf: 0.06e0.958). Considering that amphibole is
an accessory mineral in the Martian mantle (Borg et al.,
2003), and that it is therefore themineral least responsible
for the fractionation of Zr andHf in shergottites, we argue
Fig. 7. Zr vs. Zr/Hf for lherzolitic shergottites. Solid and open
symbols represent our data and values in the literature (Meyer, 2007),
respectively. The error bars of our data are due to counting statistics
(1s).
Fig. 6. Na vs. Al (a) and Ga vs. Al (b) for lherzolitic shergottites.
Solid and open symbols represent our data and values in the literature
(Meyer, 2007), respectively. The error bars of our data are due to
counting statistics (1s).
Fig. 8. Zr vs. Zr/Hf for shergottites. Solid and open symbols repre-
sent our data (this work and data from Shirai and Ebihara, 2006) and
values in the literature (Meyer, 2007), respectively. Dotted, dashed,
and solid rectangles show the range of data for individual meteorites
of basaltic shergottites, lherzolitic shergottites, and olivine-phyric
shergottites, respectively. The error bars of our data are due to
counting statistics (1s).
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in the fractionation of Zr from Hf in shergottites.
4.2. Fractionation of Hf and Sm in shergottites
Because both Sm and Hf are typically large ion lith-
ophile (LIL) elements, they are believed to have behaved
similarly during igneous processes in the Martian upper
mantle and in the terrestrial upper mantle. Shergottites
are chemically characterized by superchondritic Hf/Sm
ratios (Blichert-Toft et al., 1999; Longhi, 1991). In this
section, we investigate the processes responsible for the
observed chemical characteristics of shergottites. First,
we assess whether contamination by LREE-enriched
reservoirs might have caused the fractionation of Hf andSm in shergottites. Second, we consider the fractionation
of Hf and Sm in shergottites based on experimental data
of partition coefficients for Hf and Sm between melt and
each of clinopyroxene, garnet, amphibole, ilmenite,
majorite, and Mg-perovskite. Then, assuming that
shergottites originated from the solid fraction after
solidemelt partitioning, we examine which mineral is
Fig. 9. CI chondrite-normalized rare earth element abundances for
shergottites. Solid and open symbols represent our data and values
from the literature (Meyer, 2007), respectively. The error bars of our
data are due to counting statistics (1s).
Fig. 10. Sm vs. Hf/Hf* for shergottites. Hf* represents the Hf
abundance interpolated from adjacent REE (i.e., Nd and Sm) abun-
dances in the CI chondrite-normalized element abundance diagram
(ordered by incompatibility). Solid and open symbols represent our
data (this work and data from Shirai and Ebihara, 2006) and values in
the literature (Meyer, 2007), respectively. Dotted, dashed, and solid
rectangles show the range of data for individual meteorites of basaltic
shergottites, lherzolitic shergottites, and olivine-phyric shergottites,
respectively. The error bars of our data are due to counting statistics
(1s).
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gottites. To clarify the fractionation of Hf and Sm, we
express the degree of deviation of Hf as Hf/Hf*, where
Hf* is the estimated abundance of Hf obtained by inter-
polating adjacent REE (i.e., Nd and Sm) abundances in
the diagram of CI-normalized abundances of elements
arranged by incompatibility.
4.2.1. Contamination by LREE-enriched components
Shergottites show large variations in the abundances
of incompatible elements. This variation can be
explained by the mixing of LREE-depleted magma and
LREE-enriched components. Presumably, the primary
chemical characteristics of the shergottites’ source
material were modified by contamination by LREE-
enriched components. Fig. 10 shows the Sm abun-
dances and Hf/Hf* ratios of shergottites. Given the
large variations in Sm abundances and Hf/Hf* ratios,
as indicated by the large sizes of the fields in the figure,
individual shergottites have Hf/Hf* ratios larger thanTable 3
Calculated ratios of the partition coefficients of Zr and Hf for six
minerals.
DZr/DHf
a Number of experiments
Clinopyroxene 0.66 0.25 55
Garnet 1.1 0.3 31
Majorite 0.76 0.13 8
Mg-perovskite 0.97 0.18 9
Ilmenite 0.81 0.10 9
Amphibole 0.66 0.20 8
a DZr/DHf ratios for individual minerals are calculated from data in
the literature, as listed in Appendices IeVI.unity; the ratios are similar to each shergottites,
regardless of Sm abundance. Therefore, it is unlikely
that the fractionation of Hf and Sm in shergottites arose
from contamination by LREE-enriched components.
4.2.2. Igneous processes in the Martian upper and
lower mantle
The results of partitioning experiments conducted at
high pressure indicate that Hf and Sm have different
partitioning behaviors in the presence of majorite and
Mg-perovskite (Corgne and Wood, 2004; Corgne et al.,
2005; Kato et al., 1988, 1996; Moriyama et al., 1992;
Ohtani et al., 1989; Walter et al., 2004; Yurimoto and
Ohtani, 1992). These minerals have been reported to be
present in the Martian lower mantle (Bertka and Fei,
1997). Ilmenite can also fractionate Hf from Sm via its
crystallization (Longhi, 1991). Thus, we focus on
majorite, Mg-perovskite, and ilmenite, along with other
minerals (clinopyroxene, garnet, and amphibole) that are
important in considering the petrogenesis of shergottites.
We compiled experimental data regarding the partition
coefficients of Hf, Sm, Ti, and Gd for the six minerals
mentioned above, and calculated DHf/DSm and DTi/DGd
ratios and their standard deviations (1s). As in the case for
Hf and Sm as LIL elements, Ti and Gd are known to
behave similarly during igneousprocesses in the terrestrial
Fig. 11. DTi/DGd vs. DHf/DSm for six minerals. The rectangles show
the range of DTi/DGd and DHf/DSm ratios for individual minerals.
Open symbols represent the mean DTi/DGd and DHf/DSm ratios for
each mineral. Error bars for DTi/DGd and DHf/DSm ratios of each
mineral show standard deviations of these ratios (1s).
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regarding partition coefficients for ilmenite than for other
minerals. Partition coefficients for Ti between ilmenite
and melt, as reported by Stimac and Hickmott (1994) and
Pearce and Norry (1979), are 150e235 and 50,
respectively. These authors also reported partition coeffi-
cients ofZr andNbbetween ilmenite andmelt. From these
data, DZr/DTi and DNb/DTi ratios for ilmenite are
0.0062 0.0015 (1s) (range, 0.0045e0.0093) and
0.26 0.13 (1s) (range, 0.016e0.43), respectively. Given
the smaller standard deviation of the DZr/DTi ratio for
ilmenite relative to theDNb/DTi ratio,weused the averaged
DZr/DTi ratios and reportedDZr values to calculateDTi for
each of experimental partition coefficients for ilmenite
reported byZack andBrumm(1998),McKayet al. (1986),
Nakamura et al. (1986), and Klemme et al. (2006).
The averaged DHf/DSm and DTi/DGd ratios for the six
minerals of interest (including ilmenite) are shown in
Table 4 and Fig. 11. Individual partition coefficients for
the various minerals are presented in Appendices IeVI.
ForDHf/DSm, the minerals ilmenite, Mg-perovskite, and
majorite have ratios larger than unity, whereas clino-
pyroxene, garnet, and amphibole have ratios of around
unity. For DTi/DGd, majorite and clinopyroxene have
ratios of about unity, whereas Mg-perovskite, ilmenite,
and amphibole have ratios greater than unity and garnet
has a ratio smaller than unity. The data in Table 4 and
Fig. 11 indicate that only majorite can fractionate Hf
from Sm without the accompanying fractionation of Ti
and Gd. We also note that only clinopyroxene has DHf/
DSm and DTi/DGd ratios of about unity. Given that cli-
nopyroxene is one of the constituent minerals of the
Martian upper mantle (Longhi et al., 1992) and that it
preferably hosts incompatible elements without the
fractionation of Hf from Sm or Ti from Gd, the frac-
tionation of Hf from Sm in shergottites must have
resulted from igneous processes in the presence of
ilmenite, Mg-perovskite, and/or majorite. Of these three
minerals, Mg-perovskite and majorite are possibly
constituent minerals of the Martian lower mantleTable 4
Calculated ratios of the partition coefficients of Hf and Sm, and of Ti and G
DHf/DSm
a
Mean Min Max Number of experimen
Clinopyroxene 0.67 0.38 0.10 2.1 41
Garnet 1.3 0.7 0.10 2.4 36
Majorite 3.0 0.7 1.9 3.5 8
Mg-perovskite 30 12 15 50 9
Ilmenite 310 250 50 670 8
Amphibole 1.1 0.9 0.31 2.7 9
a DHf/DSm and DTi/DGd ratios for individual minerals are calculated from(Bertka and Fei, 1997), and ilmenite is possibly an
accessory mineral in the Martian upper mantle.
Based on experimental partition coefficient data for
ilmenite, Mg-perovskite, and majorite, we can assess
which of these minerals is responsible for the observed
chemical characteristics of shergottites.Assuming that the
Hf/Hf* and Ti/Ti* ratios of the precursor magma for
shergottites are chondritic, we calculated the chemical
compositions of the solid (ilmenite, majorite, and
Mg-perovskite) in equilibrium with the magma. The
partition coefficient data in Table 4 were used for the
calculation, and the results for Mg-perovskite, ilmenite,
andmajorite are shown inFig.12(a)e(c), respectively; the
Hf/Hf* and Ti/Ti* ratios of shergottites are also indicated
for comparison. The crystallization ofMg-perovskite and
ilmenite cannot produce theHf/Hf* andTi/Ti* ratios of all
the shergottites. Although the calculated Ti/Gd ratios for
majorite contain a large degree of uncertainty, the crys-
tallization of majorite is consistent with the Hf/Hf* andd for six minerals.
DTi/DGd
a
ts Mean Min Max Number of experiments
0.88 0.44 0.11 1.9 30
0.52 0.35 0.17 1.2 15
1.3 0.9 0.36 2.4 7
6.7 1.8 4.9 10 8
13000 9000 5600 33000 9
2.5 1.0 1.6 4.0 6
data in the literature, as listed in Appendices IeVI.
Fig. 12. Hf/Hf* vs. Ti/Ti* for shergottites and calculated values for solid phases of crystallized Mg-perovskite (a), ilmenite (b), and majorite (c).
Solid and dashed lines show the mean and range, respectively, of Hf/Hf* and Ti/Ti* ratios for each solid phase crystallized from the precursor
magma with Hf/Hf* and Ti/Ti* ratios of 1. Hf* and Ti* are the estimated abundances of Hf and Ti obtained by interpolating adjacent REE (Nd and
Sm, and Sm and Gd), respectively. The error bars of our data are due to counting statistics (1s).
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proposed that majorite is present in the Martian lower
mantle. Accordingly, we presume that majorite was
involved in generating the shergottites’ source material
and that shergottites preserve geochemical records of
igneous processes in the Martian lower mantle.
In contrast to the above finding, Albere`de et al. (2006)
argued that the superchondritic Hf/Sm ratios of sher-
gottites reflect the crystallization of ilmenite. In addition,
Blichert-Toft et al. (2002) cited ilmenite in explaining the
nonchondritic Hf/Sm ratios in high-Ti mare basalts. In
the Martian upper mantle, where ilmenite is believed to
be present as an accessory mineral, clinopyroxene hostsmost of the incompatible elements. Assuming that the
source material of shergottites is composed of clinopyr-
oxene and ilmenite, and that the Hf/Hf* and Ti/Ti* ratios
of the precursor magma for shergottites are chondritic,
we calculated the chemical compositions of clinopyr-
oxene and ilmenite in equilibriumwith themagma, using
10e50% ilmenite in the solid phase. The partition
coefficients of Hf, Sm, Ti, and Gd for clinopyroxene and
ilmenite are taken from Zack and Brumm (1998). The
calculated results are shown in Fig. 13, alongwith theHf/
Hf* and Ti/Ti* ratios of shergottites and high-Ti mare
basalts (Neal and Taylor, 1992) for comparison. The Hf/
Hf* ratios in shergottites are generally higher than those
Fig. 13. Hf/Hf* vs. Ti/Ti* for shergottites, high-Ti mare basalts
(Neal and Taylor, 1992), and solid phases consisting of both clino-
pyroxene and ilmenite. Hf* and Ti* are the estimated abundances of
Hf and Ti obtained by interpolating adjacent REE (Nd and Sm, and
Sm and Gd), respectively. The numbers along each line indicate the
extent of crystallization (in %, by 10% steps).
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Ti mare basalts show highly variable Ti/Ti* ratios. The
concurrent crystallization of clinopyroxene and ilmenite
can explain the Hf/Hf and Ti/Ti* ratios observed in high-
Ti mare basalts, consistent with the findings of Longhi
(1991); however, the crystallization of both ilmenite and
clinopyroxene cannot explain the Hf/Hf* and Ti/Ti*
ratios of shergottites, indicating that ilmenite played no
significant role in producing the observedHf/Hf* and Ti/
Ti* ratios of shergottites.
4.3. Implications for magmatism on Mars
It is well known that shergottites contain highly
variable abundances of incompatible elements and
radiogenic isotope compositions. Jones (1989) and
Borg and Draper (2003) suggested that LREE-enriched
shergottites resulted from the mixing of their parental
magma with a LREE-enriched component, thought to
be either the Martian crust (Jones, 1989) or a KREEP-
like component, analogous to lunar KREEP formed
during the final stage of crystallization of a magma
ocean (Borg and Draper, 2003). Shirai and Ebihara
(2006) proposed that the LREE-enriched component
was the Martian crust, and estimated Zr, REE, and Hf
abundances for the Martian crust. The estimated Zr/Hf
and La/Yb ratios for the Martian crust are similar to
those of lunar KREEP. Similarly to lunar samples,
shergottites show a positive correlation between Zr/Hf
and La/Yb ratios (Shirai and Ebihara, 2006).Shergottites and lunar samples also show similar
variations in Nd and Hf isotopic compositions (Jones,
2003). It is possible that these similarities in chemical
characteristics and isotopic compositions between
shergottites and lunar samples arose from similar
magmatic processes (Jones, 2003; Shirai and Ebihara,
2006). The fractionation of Zr from Hf in lunar
samples is attributed to the presence of ilmenite and
clinopyroxene during magmatic differentiation
(Mu¨nker et al., 2003); however, the chemical charac-
teristics of shergottites indicate that ilmenite did not
make a significant contribution to the formation of the
shergottites’ source materials, and that the fraction-
ation of Zr and Hf in shergottites was controlled by
majorite and clinopyroxene. Although shergottites and
lunar samples have similar chemical characteristics
and isotopic compositions, magmatism must have
differed on Mars and the Moon.
5. Conclusions
We analyzed the chemical composition of the
lherzolitic shergottite Y000097 using PGA, INAA, and
IPAA. Our data confirm that Y000097 belongs to
lherzolitic shergottites, based on chemical composi-
tion. Subtle differences in the abundances of Na, Al,
Sc, Co, Ga, and Sr among the lherzolitic shergottites
reflect differences in the modal abundances of the
constituent minerals. Zr/Hf ratios for lherzolitic sher-
gottites are subchondritic and similar to those of
olivine-phyric shergottites (Y 980459, DaG 476, SaU
005, and EET 79001A). Although lherzolitic shergot-
tites show large variations in REE contents, the REE
patterns themselves are similar. Considering that
lherzolitic shergottites have essentially the same
chemical compositions, it is suggested that they are
genetically related and experienced a similar formation
history.
Shergottites and lunar basalt have nonchondritic Hf/
Sm ratios. The key minerals responsible for the frac-
tionation of Hf and Sm are different for these two rock
types: ilmenite was important in the case of lunar
basalts (Longhi, 1991), and majorite in the case of
shergottites. The fractionation of Zr and Hf in lunar
samples was controlled by clinopyroxene and ilmenite
(Mu¨nker et al., 2003), whereas fractionation in sher-
gottites was controlled by the presence of clinopyr-
oxene and majorite during the formative igneous
processes. Although shergottites and lunar samples
have similar chemical characteristics and radiogenic
isotope compositions, magmatism on Mars differed
from that on the Moon.
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Appendix I. Partition coefficients for Ti, Zr, Sm, Gd,
and Hf for clinopyroxene.Ti Zr Sm Gd Hf Zr/Hf Hf/Sm Ti/Gd Source0.27 0.46a 0.48 0.56 1.1 10.1088 0.2371 0.1094 0.9945 0.4614 20.1623 0.3774 0.1730 0.9382 0.4584 20.1841 0.4574 0.2467 0.7463 0.5394 20.3055 0.1229 0.2620 1.166 2.132 20.6225 0.6217 0.5583 1.115 0.8980 20.1615 0.2773 0.1667 0.9688 0.6012 20.1310 0.4774 0.1208 1.084 0.2530 20.29 1.6 0.46 0.63 0.29 30.29 2.9 0.29 1.0 0.10 30.41 0.12 0.21a 0.28a 0.24 0.50 1.2 1.4 40.56 0.27 0.22a 0.30a 0.24 1.1 1.1 1.9 40.03 0.22 0.14 50.384 0.123 0.291 0.374a 0.256 0.480 0.880 1.03 60.451 0.195 0.462 0.598a 0.223 0.874 0.483 0.754 70.358 0.164 0.331 0.377a 0.288 0.569 0.870 0.948 70.347 0.128 0.281 0.358a 0.23 0.557 0.82 0.970 80.105 0.233 0.451 90.099 0.212 0.47 90.273 0.089 0.201 0.25a 0.179 0.50 0.891 1.11 90.34 0.145 0.793a 2.23a 0.153 0.948 0.193 0.15 90.359 0.143 0.421 0.51a 0.321 0.445 0.762 0.71 90.238 0.069 0.383a 1.10a 0.136 0.51 0.355 0.217 90.193 0.059 0.232 0.29a 0.122 0.48 0.526 0.66 90.886 0.581 1.89a 5.73a 0.958 0.606 0.506 0.155 90.519 0.468 1.56a 4.72a 0.766 0.611 0.491 0.110 90.706 0.560 0.804 0.98a 0.925 0.605 1.15 0.72 90.419 0.215 0.849a 1.82a 0.367 0.586 0.432 0.231 90.658 0.238 0.307a 0.41a 0.595 0.400 1.94 1.6 90.662 0.39a 1.7 90.20 0.26a 0.76 100.353 0.970 0.246 1.43 0.254 110.030 1.173 0.203 0.15 0.173 110.061 0.853 0.085 0.72 0.10 110.253 1.024 0.385 0.657 0.376 11(continued )Ti Zr Sm Gd Hf Zr/Hf Hf/Sm Ti/Gd Source0.229 0.237a 0.966 110.71 0.27 0.67 0.99 0.55 0.49 0.82 0.72 120.204 0.431 0.473 130.045 0.086 0.52 130.123 0.291 0.256 0.480 0.880 140.042 0.067 0.062 0.68 0.93 150.076 0.253 0.143 0.53 0.565 150.027 0.070 0.049 0.55 0.70 150.138 0.319 0.242 0.570 0.759 150.204 0.494 0.344 0.593 0.696 150.0461 0.099 0.070 0.66 0.71 150.043 0.23 0.073 0.59 0.32 160.18 0.58 0.31 0.58 0.53 160.057 0.21 0.14 0.41 0.67 160.065 0.21a 0.15 0.43 0.72 160.48 0.14 0.41 0.62 0.21 0.67 0.51 0.77 170.54 0.14 0.444 0.65 0.21 0.67 0.47 0.83 170.20 0.35a 0.26 0.77 0.74 170.56 0.25 0.54 0.77 0.36 0.69 0.67 0.73 170.69 0.22 0.60 0.82 0.36 0.61 0.60 0.84 170.27 0.47a 0.32 0.84 0.68 170.7 0.24 0.59 0.84 0.37 0.65 0.63 0.83 170.89 0.29 0.75 0.91 0.42 0.69 0.56 0.98 170.47 0.39a 1.2 170.56 0.62a 0.91 170.66 0.53a 1.2 170.52 0.42a 1.2 17a Partition coefficients for Sm and Gd are logarithmically interpo-
lated from neighboring REE data.
Appendix II. Partition coefficients for Ti, Zr, Sm, Gd,
and Hf for garnet.
Ti Zr Sm Gd Hf Zr/Hf Hf/Sm Ti/Gd Source5.1 0.53 0.10 181.25 0.57 0.46 190.101 0.14 1.4 195.5 3.3 0.60 190.6 0.25 0.42 190.115 0.16 1.4 190.2398 0.0879 0.2070 1.158 2.35 20.2810 0.1441 0.3049 0.9216 2.116 20.32 0.44 0.73 50.688 2.12 1.1 2.43a 1.22 1.74 1.1 0.283 70.28 0.27 0.25 0.92a 0.24 1.1 0.96 0.30 80.11 0.14 0.092 1.2 0.66 200.35 0.22 0.36 0.97 1.6 150.411 0.318 0.517 0.795 1.63 150.499 0.286 0.594 0.840 2.08 151.027 0.520 1.10 0.934 2.12 150.556 0.337 0.596 0.933 1.77 150.812 0.49 0.78 1.0 1.6 150.545 0.290 0.55 0.99 1.9 150.349 0.232 0.353 0.989 1.52 150.656 0.380 0.68 0.965 1.79 15(continued on next page)
130 N. Shirai, M. Ebihara / Polar Science 3 (2009) 117e133(continued )Ti Zr Sm Gd Hf Zr/Hf Hf/Sm Ti/Gd Source0.443 0.237 0.44 1.0 1.86 150.2 0.3 0.27 1.2a 0.48 0.63 1.8 0.17 210.2 0.4 0.28 1.1a 0.68 0.59 2.4 0.18 211.1 3.6 1.0 1.9a 2.4 1.5 2.4 0.58 210.8 1.1 1.3 2.2a 1.3 0.85 1.0 0.36 211.0 3.1 1.0 1.8a 2.3 1.3 2.3 0.56 210.12 0.18 0.07 1.7 0.39 160.61 0.69 0.41 1.5 0.59 160.19 0.21 0.16 1.2 0.76 160.31 0.35 0.27 1.1 0.77 160.15 0.26 0.20 0.75 0.77 160.17 0.17 0.22 0.77 1.3 160.32 0.36 0.3 1.1 0.83 160.29 0.46 1.7a 0.17 170.29 0.30 0.53 0.97 0.26 1.2 0.49 0.30 170.32 0.58 0.83 1.13 0.38 1.5 0.46 0.28 172.13 0.81 1.8a 1.2 172.3 1.5 2.9a 0.79 172.2 1.11 2.3a 0.95 172.66 1.00 2.3a 1.2 172.62 0.53 0.81 4.59 0.44 1.2 0.54 0.57 17a Partition coefficients for Sm and Gd are logarithmically interpo-
lated from neighboring REE data.
Appendix III. Partition coefficients for Ti, Zr, Sm, Gd,
and Hf for majorite.
Ti Zr Sm Gd Hf Zr/Hf Hf/Sm Ti/Gd Source0.6 0.2 0.8 0.8 4.0 220.63 0.46 0.20 0.26 0.69 0.67 3.5 2.4 230.63 0.46 0.20 0.26 0.69 0.67 3.5 2.4 240.54 0.4 0.16 0.31 0.4 1.0 2.5 1.7 250.12 0.13 0.080 0.13 0.17 0.76 2.1 0.92 260.14 0.13 0.078 0.15 0.15 0.87 1.9 0.93 260.05 0.14 0.069 0.088 0.23 0.61 3.3 0.57 270.08 0.12 0.048 0.22 0.16 0.75 3.3 0.36 27Partition coefficients for Sm and Gd are logarithmically interpolated
from neighboring REE data.
Appendix IV. Partition coefficients for Ti, Zr, Sm, Gd,
and Hf for Mg-perovskite.
Ti Zr Sm Gd Hf Zr/Hf Hf/Sm Ti/Gd Source9 0.3 14 0.6 47 221.11 1.55 0.067 0.11 1.64 0.945 24 10 270.96 1.36 0.061 0.15 1.28 1.06 21 6.4 270.80 1.7 0.046 0.10 1.9 0.89 41 8.0 280.86 2.5 0.05 0.14 2.5 1.0 50 6.1 280.81 1.38 0.05 0.11 1.3 1.1 26 7.4 280.90 1.7 0.07 0.17 1.8 0.94 26 5.3 280.44 0.8 0.04 0.09 0.9 0.9 23 4.9 280.93 1.2 0.06 0.18 0.9 1.3 15 5.2 28Partition coefficients for Sm and Gd are logarithmically interpolated
from neighboring REE data.Appendix V. Partition coefficients for Ti, Zr, Sm, Gd,
and Hf for ilmenite.
Ti Zr Sm Gd Hf Zr/Hf Hf/Sm Ti/Gd Source53 0.330 0.0022a 0.0061 0.419 0.788 190 8700 2955 0.339 0.0082a 0.0092a 0.409 0.829 50 5900 3061 0.380 0.0037a 0.0071a 0.406 0.936 110 8600 3054 0.0096a 5600 3047 0.29 0.00059 0.0034 0.38 0.76 640 14 000 14102 0.63 0.0050a 0.013 0.84 0.75 170 7800 31129 0.80 0.0019a 0.004a 1.24 0.65 670 32 000 31126 0.78 0.0020a 0.006 1.0 0.78 500 21 000 3197 0.6 0.0051 0.007 0.77 0.78 150 14 000 31a Partition coefficients for Sm and Gd are logarithmically interpo-
lated from neighboring REE data.
Appendix VI. Partition coefficients for Ti, Zr, Sm, Gd,
and Hf for amphibole.
Ti Zr Sm Gd Hf Zr/Hf Hf/Sm Ti/Gd Source1.339 1.386 1.336 1.002 0.9639 21.789 2.221 1.731 1.034 0.7794 22.02 0.23 0.66 0.86a 0.45 0.51 0.68 2.4 321.29 0.127 0.28a 0.32 0.33 0.38 1.2 4.0 330.180 0.234 0.627 0.287 2.68 110.233 0.323 0.838 0.278 2.59 112.32 0.26 1.37 1.49 0.43 0.60 0.31 1.6 343.2 0.42 1.83 1.9 0.66 0.64 0.36 1.7 342.7 1.65 0.83a 3.3 344.7 0.68 2.01 2.3 0.95 0.72 0.47 2.0 34a Partition coefficients for Sm and Gd are logarithmically interpo-
lated from neighboring REE data.
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